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Abstract

Embedded software is highly correlated with hardware and domain knowledge, featuring high de-
velopment difficulty and long development cycles. Large Language Models (LLMs) centered on the
Transformer architecture, with their robust capabilities in code understanding and generation, have
made it possible to improve the efficiency of embedded software development. This paper introduces
the current application status of large language models in embedded software development, includ-
ing the application processes, methods, commonly used large language models and their technical
characteristics. It also focuses on sorting out the application scenarios of large models in embedded
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software development, as well as the core technical approaches and scenario adaptation schemes
for code defect detection in embedded software. Through a review of existing research findings, this
paper provides a reference for embedded software researchers and developers in the application
of large models, and facilitates the intelligent transformation of embedded software development
methodologies.
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1. 51§

MAXRGEC) ZBE T D sH]. Baed. REBRT. WS, HRHrRnES
R YA e iR RE 5565 /0o RN AR R 5 22 A ) e B 1 B Y2 oL SEINHPEZER . KR
IXEER S FENBE, SEF KRB, R R, SR E LGSR BRI . SN
BRI J, AR BERE B R K20, ARGHmN L& 50 T A a0 CAE DUR AL, |
SEFIACHIIT K TR, 3T HEARM AT+ 2.

PL Transformer ZEAARZ O [P K TE 5 A (LLMs) e ff T2 S H 5 il 2 50 ol Zh 3, mTEL
SEHLRT HAME T S fETE S IR MR 1], AIE AR A . B BRI S 75 SR SCR | 3k A2, - GitHub
Copilot 55 T H I3 A g fith 026 RRHETE, HIGHIE T K0E 5 B AR gn 5 S HAD AT AT H I E
K71

T, K S BRI R H R AT TR R B, W TR —HAR W R C 4 e — &
B BRPE RO, AR SR I I RTE S RS T I AN TF R 0 5 SR AT 8 A, XTI BB 58 07 kAT
I, FERPARRI K DT AT R B, ASCK A B T AH O 7838 R SR 7t KiE 5 A 5 N U A
TERMRE AL, WiRHER s SRR S, Wm0 AL R RAESE, AR R A X TF R
BRAL AR MR 2, BTN Ao A IR S s T R R
2. KBEXIEEEY

ARG KAE 5 B8 (Code LLMs) AL A KI5 SR —FF, KH Transformer 2244, H IR %0508
Fe KR TChR AR TE R, AT/ 8 SCARRIECAHE, T8 A RIS 5 AR A TR0 45 0 DA SOA
B, AEN D SRR HARE DA Z R HEEERE 7). RS KE S AL (W0 Qwen2.5-Coder [2])
SENZRE AR 5] N & e

HEAKESHREML, AR KIE SR ] 708 =400 (Ui as B, (U2 8L, gwmbd 2% -
T 287 o AN g bt a5 B30 o T AR A BE AR ZRAT 55, Bl 2R il . RIS A 2. s B IS ; DUAS &%
P R B T A CRAT S, BIan RS AE sl B, LSS Yuidds - MRRYAS A8 nT 58 R AR AS R A A 2R
M EAESS, (BAERREAESS ERIAR DT R [1].

ARG RV F AL Transformer ()G BIRETE: 2k BB B ——iE SR . AL B RANHT
ARG —— AT RN B . TR EER S H— M —— R 8 B RS ——h e B B[]
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EHT S

RIS A i KIS 5 B8 (LLM s for code generation)f Fll F A1 5 158 I H SRS 5 F5 I8 A4 iR AR RS )
FAR, X—dFEHPEFR N« HARE S FMRAG(NL2Code) ” {155 - i N J& HARTE S f#iid, SR i BRRiA,
WAl gafE bR SR 4A), T E AL AR SOt REARRY, AR R AR I8 I g TR A AR A BT
TR, ARAE AT S (s 1R A5 B IEAIA e BT AR B ARAD T B AR TR A -

ARES A AT 55 iR I (1) Transformer 2244 £ 23 APIE: Jafdas - MRS a8 ZEA ALY 45 2840 o WL
B - MR 2R AR (RIS G S 2 A AL 2, S 2% 4 BT AL R N BEE T A R AL, ARG A T EE R AR
AR s A RS AR AR PR B Transformer FIERG SRS, 10 5 — )2 HE B RIS 58 B A\ A BERD 4 it A2
Beo PRIUL, SRS - RRY S SEALIE F T 5 SEAE AN [F) a0 N\ R A () ST L AT 55, T ARG 2% 28
WU VBT P 1 A RN 82 5 AR 5 B

3. REBEEBRAXNRGF LER
3.1. WITHIRR

X RN TT R A S AT AT HEAR 7 TAE, W R IF R AR 1 28U, KB A )
S ARG AR R AR BE 77, DRI A B SIS VI P 6 2 R AL A B ARG A i wT AT 1, 9 HOA T 58 O K AR
R R RN ARSI D RETTAS 18 22 IR AL T R aa T AR s — Semit 70 AT A JE i 0 AR AL A fik
ARRG IR )15 RRIERTT, RIAER B A (R R g 2 Rz i 2 —, HAEmA
TR A FIAMEAR R TR AE RS, X — RS KRR 2R PN S R &R, A
I RIAE A SR AL AT AE[3]. BRI 1 TAZIT Mark 2> 5210 AT S BIR AN ST & SR 18R, @ik iR
B Al TR, 2&f%M4E STM32. ESP32 &5 F bl fF i sScf iR, FRBALER AR5, 785 2100
A WL e, MHAARAR, BRRE AR UL N SO R b R R S AR RS . B A7 ARG B A
B, B bug(n 12C B 55, SPI IAJEJCIE i) HEAS FEIT . 5 5402t B D R A 1) R og o5, 9 EL AT UK i
AR RGHET AR D 60%, [RINTHEAARRE T2, 5E65900E T LLMs 4B i N\ s K 1 m A7 A0
(4] Englhardt 25 JGERE R AN TR R AR RIS HESS, K LLM A2 RS Bz A%
Bz H A5 (A0 Arduino Uno. nRF52832), ifiid “fRIKES - PUATEXT” 5 ANKm 5 1R AERD 31T 14
HXTEE, FREDhREIERVE . FETXHESETE R 450 IR SRS, R RBURiE. A ENEE . 6 %
IMU 25878 ix AR5, 50 GPT-3.5. GPT-4. PaLM 2 =Lk, MR, R4, R4
Wit =ANEEE SR IR EE IR, R ISR 5 A AL i AE /) GPT-4 RBLEAR, 7850 E 55 B R3S B
AL AR R GE A IERA ARED, 72 50 RSEE T 66%ReE R FII 12C #5111, ILRem S A /745 20550, LoRa i@
fEA005%; &% nRF52832 [ HLIEOLAEEI, Sl FIRIE AR 740 52 12.2 pA (R AL FALI 8.6
nA). FEEHMS BT, GPT-4 REASHEIR S ILES (i BME280. LSM6DSO)/ 12C Hubik. ZFA7852h
A BT, FEEAEMRE datasheet AL FBUS X KT EAMAL AN AFAE AR, AR AT & RURS (10K
SRS . I HRMERISASE 2 IER, LLM {5fe3eft actionable Y, WALk, 1Z1E 12C Hubk. it
PERAEREE, SO AR5 T W B R 23]

3.2. EEZHLAR

2R BRI AE RN AT A B B 2 2 B e AR A il 5 1l B, Sl M SE B« /R i
- A - iR IRIE - LA IPAIAESOR SE O AR AR5 - Englhardt 558 A2 H I ANLI R A A
HX[3], B RBRAE VB T, Gl 45 TR & AN SRR S AR AR B R RE /), B e
R ABBAR WIS R (1) EEERA R E R ER, WmeEER S Sl NER:. Rk
A HUAT N, BERMBEIRIE; ) KRG BB LLM; (3) AR BEAT MR, FH
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LLM A AR fF B AR IR (AR R T R IN e J15 BbAh, BV LI IR B AT 5, TERHIb AR i ok 305 Btk
ITNTESE, En] DARARBIR 2 o o St BRSBTS, b LLM P ANEUE T A iR %]
BAGE IS %51, TS R R B TE, LoRa ML RS T R I EM 25%I2T+HE 100%, %
TR /CH 28 (1 FH P PTAE 40 3% N S8 LD Re 56 BE SR 4« FT i B LLM JEAMEE AR iR sk 1, 4 508
i LLM A s A EE T % . 482 NASA TLX WP 133, S 5EH WS BEA A 4.67 BF2% 3.25, TG
Hplb 7 “REH R HEE . AP E 7 BB TIEM FAE[3].

33. BFEBARTL

PP E AT R W Ui AT n 2 —, SRR — AP & A A UE RS 51 — A 6 1
RIS IESCHAR R T RE, F T35 8~ 6 T K 75 S ZHGER IR v N TB) A o« X 45 A3 HH i 75 2 ad A3 S
P A 78 R R AR AR, R g e BB IE TR R AR, IRTHES 005 6@ B 5 IR R 5]
B AR AHE R AR R RAE R, SR IE A T AL AR E NS, Sl R S R R APL 5
WhE, WEREFEE PR AR OO A S g AR S AL, RS E R RS R, RS R
RIBATER O EAE I, AR G IE R M TRIE G ML A fe B TR 51 IR | w215 5 22 (11 Arduino
—MicroPython) [ 2 i 2 A5 A L B4 7 %2

4. RIRBBERR

ARHE A 1A FAT R 5t Bl itk N U R O35, TR AT DA FDRE HE ) B AR 1E 5 48 & 58 38 R RLE
H i NIUARIS 2R i ST 0120 AL s FARIS BT AR AE B30 A 18vE . i) AN T Re Ak, IO TR B s
AL, GBI ) KA I i o 45 AR IS AT PR R ) L, R S S B AR IR A A AARES, 1
IR EE T, SEROE TS (3] [5]. FHAAFE AI TEAEARPMANXNETBRE, OHEREETTE
A XEE. ARG T R(ERBISITRARE . 220 R KRR B S, AR AR
Mo & . BHHEZL ., b vk WA A s B seFr v A R B R E T . NHA B A A F M
35 A R E AR AL 778, DA B RTE 5 A T B a s 21 i A2 i R
4.1. BRIANET

B, BEERGERFEE N LLM B BMAG. ZO0E AT AN, SR 5, 8 316 R

LLM [ BARME 55 —— R 25 58 A% 58 iR B0E o FF BAERR R A m] DLSEHE C RRFr A IHEZR, sk
AF AR MR HCLEE R .

4.1.1. IBSAE

BT BARAESS AR, IE S A& A AT Lok v = B 2RE 5 S (HLNL). IRE H AR TE 5 AUk (LLNL)
FTACSL #i%[6]. HLNL RERGH LI LI SAH, W RGZERM 4 Bis, W “HAER
ST R, MRS REZELT” s LLNL HARZ S m 2 B AAES A, B R g Seal H bR B k2
K, W “HEBATRESRIEFIBITEA R R 2UFNL, HALE f R R A TR, WS E R
ACSL HURS A& L ANSI/ISOC FiUkS 15 BH1E 5 (ACSL) 4 'S5 1 1 204G A i BH 4E

Patil M S %5 A F2 1) Spec2code HESLFI I & 1 B 2 A J5 B 2 A+ Mz AF 1 ACSL ARG S5 &
K29 B ARG S VR S Th R 5 20 00E 3, AEAIIAAND, FBIE R B, uE LRSS “#topss”
AL S T AR s AR, TR SREBR , FEELR AR . 7E4E ] GPT-3.5 &5 GPT-4-turbo,
BT ERARREREE, 7600 =R IR RS R n) AL A RTS8 % e w500 I et
PG, Patil % NKHIE T Spec2code HEAERR AT RRA I FIAT M, UF G RR B AR R R4 T gm 1% T 4G
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TR R b AR U B 1 A1 BB (14 1838 0% B 52 vt P A e AR (8 R [ 6] -

4.1.2. EFEAR

bR 145 B AR SIRS, AT RS R R SR A F R I, M R R . R DUESROR A A S 5
Gt BIESROCEAY SR vt HAES, 3 — B & AR A E B B 25— &, LB E DRe .
EmbedAgent #& — M AN ACHS A2 A VEAS 77745, £ EmbedBench FE#E & =/ MEZOMES 5. =AM
Sl (1) SRS RMA RS, AR (2) N4 EESRIR, B FERT k5
FomEX AR (3) hE i rEMREAFEEE, ZRITBER S PG, &ibediE.,

Wt EE A F g A% T json), HHAEER LN LLM T ERfRI “ 448 ID+ 517 Borhal, 2k
T Wokwi BRI H-TF &, SERT IR R A s A RS M AR R AT fir ), BRI IR AR o fRRs 2
B EAESSEK[5].

EmbedBench JE#EELE 126 D Fah i gtz 61, % 9 Ko7 jofl, E4% LED. RGB LED. #%
L7 B WA S . BARE SIS SEMUITEM A SIS, BRIP4
[ 14 - Ruiyang Xu 5 ALEXT 10 4> i LLM #H4T RS PMENNRE KIMAELS € JF B E R, 58 DeepSeek-
R1 ¥ pass@1 X 55.6%; A R BRI F5 22 50.0%; #8576 BAL5% M E i, ESP32 V& (1) ESP-IDF
HEZEIT RS B pass@]1 1X 29.4% (Claude 3.7 Sonnet), Tfj Raspberry Pi Pico ] MicroPython 3T #% 3% FILAH X 45
4 (5 Al 73.8%)- DeepSeek-R1. Claude 3.7 Sonnet Z4EFE Y LLM BAALL T MR B LLM, (HAFER N 7 B
A A B RS I PN TUAR TSR “Id B2 B (iR DeepSeek-V3. Llama-3.3-Instruct 55§ K 5
LLM HMELLRIEERAE S5, WGEM TR 7 BoBs g i & 5 A ILFHRAC B ; DeepSeek-R1-
Distill 55 SFT Z&1#8%M LLM FsEth 22, D ARSI PR REEL AR TR 5], QWQ S5HEF LLM
EH FRHRESE, SEFENSETTRE SN EE TN, SECEA SR R B s R,
W BR A 0 FIAE S5 28 P P e B ) LM FRHE 2 g

4.1.3. H L5

BEXTTCERIEAE DAL )T R LT 5K, Medaranga 25 AR HE IR HER R 51 5 R AR J R 7]
B R S AR S TC R ERARAD, B RS P S I 55 S A e MR T 7]. REHAREE: (1) LW
AR BIZESER R FR e lHI T . A, LR, BT G50S4, B BRI (2) AR
W 254 R BB RAS IR FEJE T, AR GPIO 5] RS e B, M3 S s AL m & T4k
(i

B XA GeF 2 7 R R R I LLM EATUSOE R PE FAN 2, Lin S SR H —F0 “ U - 4047
- WK - AT - HIR” (MAPE-K)Z2), BT TS NSRS LLM 45 FE[8]. @it “ o3k -
Tl - 4357 =9 + BNF L4000, ik LLM SUEERI L M. DLELSE T RS NEE], XFHA
FIZ# LLM. Fahid. B LLM 57, SRR T I i EEsoRr et Lrofhsy, H&siha T
FERLFME . FEH AR A1) FUREHREAE: B REFRRI AWM, Rk, BESE S KUK, ©
SO A% 0EAE, BBV SRR A2 BB (2) TR L SR ERHY - tE/RIERBNF S —
foRFIL, WERRIZHR, ARG S OR, HRERE T B () W& E BRI Daeiar
fhards. b, A3%). ZFEREL CARRRACIS SRE S B, [R5 @ —58].

UbAh, BT ERA BRSO R BRG], v LA SR AR R A B R AT, RIS
— RN A HER IR, TR T RIS SRR S 2 P 55 B RTI6].

TEGmVEAS RGP BL, S0P & IR R 0, A g PRt (R S B R R4S LLM, RN KRR 7 1
PERRR. B PSS IAL, BiEAKS S5, TARB. MiRERSE A5 SHETEIE, el
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HoA T

Ptk . EmbedAgent 2T IX M7 AT 1 #0540, (EATSEBLERENR SR 34.1%F% 2 3.2%, ESP32 iLf#41F:
251 pass@1 M 21.4%FE T+ 27.8% [5].

4.2. ERRBITESE

XTI ACES, TR LR A AT VP0G . DHREIERATE . R P e PEACR B . Thie IER
P BRI IERE R (I wE, RO A5 e UK U] R SR O P U A A AR 2 P N T4 5 A
AR AL B ARG AT X L, i 30 3 AT SO R, AR AR IEm e, AR st m] DUIE R A 4T Bsli i
AbARE 52 (R G R BOASE . PEIA SR HEAT B B . Patil 55 ATE Spec2code HEAL A {2 8] Frama-C 111
B 95 BT B AR A SRR (WP), JE T ACSL MU IAERE P D REIE#ATE, SRJH Z3 A Alt-Ergo fF9)5 3K
fas; L diffkemp T HRIGUEDIREILAATE, 1Z T HWXT LLVM 750578 AR Pt A7 48 2 25 P i
E, SR RRR A —4E IR bR RAE B 5 e TEMZ G 1007 AP ARS  &,  Brgeihxs HuA
P47 HS, BN TR AR “ AR H7F S 6] .

43. AL T EE

SFFRATER TAE, HAra oS80T w8k i 2 5 2 ik N T K 202 . Hi4 EmbedGenius
A ANEFEABRAR 10T REH4 AT RHESE, A5 R H IR NI R SR, fEifh
WAGIAENT PEFIIRERR . R AeME =K A, EM A T TR A] 58 BN 75 SR B E AR [9]. AZOHEA
AFE) R FE T RARUUHC . AR, JEMHe Ao, ASNER R R, (&Rl 24
B ARG Q) FEAREN: WERSSUESREIHIEC APL . S8, AT, HWid AP K541
PEThRER, HEANKRERINAE: (3) RERBEH: B “HGEEIEn” ML RS “ NG GRIED)
RE LM R B R 15, 454 DEBUG 15 BSOS R B 1E: (4) ZAaPidr: X m S ERAEST I A 1A,
XHBURAS BT GO A7 B e . Yang S5 0@ “ RMUBEEAENNR + SEPREFIERUE" , A% UE EmbedGenius
FITERE, 4% 4 D EWRIT K T4 (Uno R3. NUCLEO-L4. Nano RP2040. Nano ESP32). #lliaf PR KA AP
AE(GPT-40. GPT-4. Claude-3.5. GPT-3.5). ffi[] 71 MELFREH (LS BEA, BoRE8%). 355 N 1oT
B4 (5 3 AMMERESESL, M eI, IZ3HEH] BIsESER). U3 ANRARSERH R INEQLLM-
Prompt. Duinocode. LLM-direct)fFAX LG, MImid#ErfiZe(API 5 S 8B E M IEMTE) . AF55RIhZ(—
VAT 5 T A T IO RS IO ) A BE VA SLME R . B3 GPT-do LR A PERE. JEIR. WAL, 3%
RYIEF] 95.7%ImSHERIZE . 86.5%AT- 55 BINZ % 048R ; GPT-4/Claude-3.5 78 5 3 1K SCA T (Q1 5 24
JE SO sl e T TR T AT B, (H TR S AR/ A s 1T GPT-3.5 W gk F TR 23 5t R
FIF “HARERER AL “LED #3417 SR RAT5%, B A S BUR It E T R 5. W SCddid A H
SRR, BAERGSLHNE: NN RS %4 DHT11 /&E4%. LoRa fiibk, OLED &oRgs, 2.6 4
BhoE I A, HE T ARMEFFSIEMIERE, XF%2 LLM (GPT-4o0. Claude-3.5 %), MIIFE >80%; mFEfsHi
RY5: B4 PIR AMAML RS . dkgs . Wi-Fi BB, 3.1 2045 Tk, #8128 e X2 XUs E 5%,
H A S ST Web £ 7, ZmASHERIZE > 90% [9].

EmbedAgent 44 % tH— i B H 2 K LR, 8Id TR B EHREAEHLEE N, 4 LLM A ) J 3
BRI A bt 31 Wokwi (1 EIAVASEH,  H S HATIRR G R B 455K, T/ Fah 20 pF, [ nr el
B AR IVEASE[S]

5. RREE RABRA R KBRS Z
AR RGZ AT Tk Ffhl (R A i, AR 2 A B ol B AT dE, At
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EHT S

RG] T3% 0% AT IRIE T ARRSEREA[10], RN AR 2 AR 32%08 T 22 0h X v Y 25%35 ) A7
MJE[10]. HEHE NIST SP 800-53 (W2 Al HESE, X LeJmil SR AL BT ) F il . 1 SR 56 22 sl Ik
[11]e ARG BB AR ML 27 AF A AE . R WAL S SRR (N AE . BIAIR), (R A
FRARED 5 A 1E Bt B 5 R P iR

5.1. SRARIDERpaAE T

RN ZUACRD B P 5 5 PR S FLZ AR AN 2. SRR IO AN 5 B EOURS SE B 22 3 SOV AR Il L, e
Wros A2 FAAMIEMIR . Serh DRI &, A I 5 U8 BRI QU 5 AR T Lo AR50
BT s 4RI 98 5 RAG K2 3 5 PRI BRIt e

5.1.1. BUREIEEETEELRE

i AR B S M DL 75 RN SR GBS AR, W MCU FF AR 1L9m/C IR A HTE, 3
5 £ 11 A0 P 5 A 78 A B TR P AS I RS FE ¥ 5t . Bhandari 58 A2 H 1) ToTvulCode HEZZ[12]/2
AR RARE MR 7T, A0 BT ) ToT A RARG NI KRR E SRS, #id FlawFinder.
CppCheck. Rats — K F##5 70 #r T HECAHIH Linux-rpi. FreeRTOS %5 11 2K IoT i H YRS, &%
TERAL S 1,014,548 251E5)(65,135 45 IRTHAFEA) R 548,089 /N o Hi i e i BHE 4, A4S CWE #nifE,
SRR 2 ORIAE RIS 2 2 BRI IS BT 45« TEREBSE LT b, iZAEZE KA RNN. LSTM %5
FEHIREAL, SRR N A RS A (P35 38 E4F) R A NG BE S5 1] R N S, e & SEIiB A 2 —
TTRUEFZE 99.1% HIFIZE 88.5%, 0 FALS T EMZE. HfEE H RELIL 99%, REMT iDetect
SRR NBIRERL G TR, HBIE S iDetect 37K 162.4 5, 1530 1 i N RATISFRVE S #
SR I

PB4 (P QI E A i S AE R S A Ak SRR B R A& T  Tang 55 A/E ICFEM 2023 [ 55[13]
FTF ToTvulCode HIEUE S # B, ik ESP32. Raspberry Pi Z54) Bk I 14 1) & JBARASFEAS, Xt CodeL-
lama-7B HEAT AT , B I U3 — AR R R MCU (1% 52 5 35 A7 8 i 4 » I AR S AR R GRS 1) T4,
I AE ToT-Security-DataSet - SZHUIRIFAAGI F1 {4 81.7%, #LEA CodeLlama 27} 25%. 14, Hanif %
) VUIBERTa #8141 % N 30 C/CHARAD B LR PE R AL 0 SRS, PR B A7 s 44 7508 58
B, 1F ToTvulCode B4 S FERM F1 1L 89.2%, %@ BERT BAIRT: 17%, IiF 7 EdE4E
LR ZE R W [F R AL B R

5.1.2. RAG B ZHr EESRNERE

i N A QR B 5% Bk T AR 0 I S RS S B E SURZE AR GE R A 43 M Xk DA SR BB A 45 R 10 A
SRS CUNEEE T . PRURYE), RAG (Retrieval Augmented Generation)$5{ A i K6 2% 14 5 SE RS 54084
FRIE SUN 55, BN R URZ I 8 A% OB 4% . Qayyum %5 AYE ACM TDES 321 3 BrBt 4 SR ITIE[15]
LA AR, HEARZOETH RAG 5EAUE BN G Seiliid Tiab SR kS SO 5 53
79500 token [ Bt IR A &, FE4F H bR Verilog AASZAT AT IR XA 2R, SREUGH SRS I BUE 8 LLM
BRI EVIEREI RN, MIEEN 4 BB bug closure JiFE——iZ 5 B KK SCRYKE 2 HL A 1000 token.
ANFET G & S ATAHAMRID . 55 8 8 R IA A P IR o R 7 g RIA A IRBThRe e, @
i %2 Y FE A BN 8 4 /N S AL TE . %05 R AES. 12C. USB % 5 2% OpenTitan IP [ 9 ZRERFE (S
WRAR VAR BUSS RS RS IHMTINAR, R& BRI ERIE 60%, 7 1% 5B R
ERTERIEE, INRR TS RAG X 2R B AR I 2 5 il /[ 16]

i, Qayyum % ATE LAD 2024 [ FE[16]3#E— Wit iZEE1%2, I RAG AR MRS SO 51005
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HoA T

ETF, £H%F AON SERF2S. UART. EDN =3 OpenTitan IP FIZHAEHRE, SZHIRR B BAHRAN 100%015
HE, AL TR L A RN TP R I (S R . 242 R A8 i (BRI AR R e S
TEAF IR VR Sl : Englhardt 28 ATE arXiv 2023 (B FC[3 )i RAG #h72 MCU RE-F . a7 a5
BREGURENIR, PEG GPT-4. CodeLlama S5 %] ik N 2T B b O I BE /7, R T 38 5 B 6 op
WAL ERIRR . P A7 AR AR R T RN 78.3% 3R THE 89.1%, T {FAC H2RERIGIRA R M 42%[4 =
28%. Tang Z5 NI FC[13]00K RAG KRG HET B2 ToT B4 HIIEE PO (an SPI. 12C Pl iiie),
AR B RS HE TR 0 B8 L B AR R, 7R AN X ARSI o, Bl SORH S B 1) R HE A R
BUOB M RAG $27 32%, #t—P4R % 1 Zsa N 5.

5.2. BRARKES bug #&

IRAREY bug Frf8 P ARGUEAT W I RIER R, WEEER . WAFUI AR, iR Rss, JL
Rl =5 HOW SN 1 S REHENE, I SRR SRR G RIRA R . A5T0e A RBIEE R 58k
PATHEI SR L 5 TRESKERACR »

52.1. BRBEzERIESEE

KA A BN ZRARED bug 8 AL B2 1% S i e B 1 R oS BN 2 1) . [ SR NLE R 5]
NG AR B IR IE R 7 2, BONHR T bug K6 518 5 MR A S 4% . Cui 25 A $2 H 1 OriGen
MEZR[ 1752 % AR bR 2 A, HAEARGEAIE R MZ R : — R A 2IACRS ) HHE 1 5 SR g, i
Claude3-Haiku %1 RTL ARASEAT B B I8 A2 il 5 F A, 1 JEE I 300 47 B ARFR#ERE IR B,
7 AT G T R IS B A 4 R RS - G i - BRI IR IE F AR 4L X0 LoRA
PRI [ I JBAEIR, Gen LoRA 1 513 T I ARIE 5 84 £ MWI4h RTL A5, Fix LoRA 7E 4w % 2% I 15t
filR T, A ATiEEE IR PR DR RS BREAE E A, B E# Icarus Verilog iR RNIE. %
J5E1LE VerilogEval-Human JE4E I pass@]1 15 54.4%, i@l GPT-4 Turbo, f£ VerilogFixEval J:ifE (g 5
wEE LY, HREBERE IR GPT-4 #27F 19.9%, Ik 7 7FJE LLM 78 RTL fCRS B4 1%, 2F
1P S B L IRIR .

A5 B BT HE R SR A T S SR LA DAL 5 i I 35 & AT - Tsai 25 A4 H ) RTLFixer HEZE[ 181K H S
B ReAct KBS S, IHId RAG IR AR L FEE LB, v LLM R4 B8 S, % RTL 15
RAR B E T2k 83%, BIHE S H RIBIRTF 27%. Thakur 25 A ) AutoChip HEZE[ 1910 B 32K 2w
FREE BN LLM, TR RINBEIE E, @il 2501l 5] B E AL bug AR, 7E 8 Ar Bt
BBV, iRt SRR B G TR T 4 5, BASRARRS PRE A BRI B R BRAK 12%. PR
A5 755K, OriGen 1B Y B4 5 BIRHIR, 4 Fix LoRA B FHESFERT 2§ 7E 200 ms/ T4T
REGLAN, ] BH RS T ARMCortex-M4/M7 Z51 MCU, Jumfils2it bug A 5158 #2245 7177 %o

5.2.2. WIREHALHOHLE bug M ERER

IRAAES bug MZREME, W MCU 2822 5 Jaffil 5 R G BRI A B iz b Re 7, i
JoR B R B S S X — H AR %0323 . Bhandari 25 A ToTvulCode HEZL[ 1217 bug #6478 1K) 3h
JERIH, R T BRI RINE . SHEAEA RS 55 11 2830 IoT TiH, A5 65,135 2% bug
FERCRTE M X . B . 2S48 EHSE 10 28322 CWE 88, @il seML T HAREURH ) 515
RIGF B, 454 Guesslang BHATRFEIE S 025, AHLE bug KR ML 1 AruE b ol Sci% . 7ERA 210, R
RNN. LSTM %57 HIHEAY, EEXHRA SRS RE A 5 R A N (B R 2] 150 token BREL
2t 1024 token) SR NSNS, FZSEIIEAIZ bug K — 7 BAEFZE 99.1%. A% 88.5%, £ 4 IHinfi
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EHT S

#.99%, 5 iDetect ZEAL 48 T H IH KRG FEAK 78%, JEILH R HUSEE S B2 A e IR THEH -
BB AT I BT L BRI B AR S AL S BORERCAL A . Englhardt 55 A AE arXiv2023 BT 7T[3]
W HAREY TE, A STM32. Arduino 551 G (RIS AT bug FEA(UIE R 4% Wk 58 . SPT B (S I Fy 4
), M GPT-4 XIXRMAEFA bug FIRIIHER R 62%52THE 79%, Wik 7 Hdadein s It &
Tk, AR, AR R GRS R ER, AT T BE AR A, DR B AR 1 BY(<50 1T) i bug
FEAS, IR B AR, (A N FER I HI7E 10 ms/AT LAWY, 35 A2 BN O ARSI AGr I 75 5K
5.3. KRN ARNGREE LS
ANTE RN 2O Y AT A RE APFRF I THRE T R 5 e EAF A B 22 5, W R R AT B AR )& Bl i
PEh T ZERAEDSR . NEMEIS 5T B A SN SR RER DL, FATH T RMB AT 04
H RIS . HETA I T R BARER R B VERE AT, RSB A I HOAR 137 55 1 e 17
e

Table 1. Scenario adaptability analysis of large model detection technology

= 1. KEERENR ARG REE 2

N AT EAWYAR M7 R 25 A HEFEAG I 5 52 RFRR SR
T AR SIS M HIE, NfE EmbedVulDet IS4 FL{H 0.94, RiRE <5%,
M. ZERFER bt B+ gt EA S Ky MFER <200 ms/Bk
ot T e A IO SERFPEPPZE. CAN  TraceBERT + &M IR EALENNZE 89%,
A 26262). i I BRI AT FHF 18O 26262 4525 4 ik
W T RE. IR, B BERREY. fR 2L ES CodeBERT  FAMAR! <100 MB, #EMf
(MCU) B E A7 R (4-bit) + HALHT R 87.5%, SCRFASHuAI

Wermy e etk A HEr
W FRA

DA + KT HEFF 99.2%, SCRARWTRK

5B, T
e e LS 43 47

A5 K

iF] 7t

iR

5.4. MERLEESEARBEL

5.4.1. FREERNZ ORI

1) FRIEER S S L BN U5 AR EEAE G BR, ToTvulCode $¥E 5 BUA B T Ff
A, AB/NARBEAAH SRR A 5 EEAN R 5% [12]

2) BELENERCAE AR : DA BALE ARM 5 RISC-V ZEH4 (A1 S K6 I HERA 2 R % 25%~30%, 3k A
TGRS AR 12].

3) Wi E AR FRAK: TR X g PR A RS B AOMRETBE /17855, OriGen HY self-reflection #/1 i &
Hg, EEMMREEEJET 40% [14].

4) THREMAS PR IER, RO B IAS 2 BERR 2 T P 15%~20% [3].

5.4.2. RFKMRFESMHERE

1) B IR RS ARG S - it “Ja FAR S TN 25 - AR ki - 3 e Ba b R 7 — A4,
T R G ELRE S[12]

2) INFEAR G EREARRMEEAAH : HT Prompt Tuning 257745, IR + D EFREREA
SEPRE RO, 50 2K S E R E T 4T 13].

3) BENGLEMENR: KA. EAEEAR, BRATED, RIFER S, MR
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[12].

4) TRFMETHBEER: FFRE Keil. TAR SR8 s IE1E, S0 “Yafd - ik - fll - 1857 1
BefhE14].
6.RE

KRB AT R RN C 2T R R ILE KT o, FEARTSAE . BRBNTT A5 SR e AS S5 4%
DI, ARG T RIFIERC R A T RIRAE = AR SR R (B AT ROR A AEAN D R BE i)
ARRAT RIE =A% BT R IRACIR R

FEFAERC 2 T, N H A SRS ) 5 A RN R A . IR ILAE ARM 5 RISC-V 55 57 A4 1 ]
IER I PERE TR, XN ARBEAF I SCREAN AL, Jm ] DL 8 PN 25 - SRR RRBOA - S 5oriR
B, AAFAGICE. BEDETRAR, S8/ MEA: I PR R0 . RN 145 &
HETHLE], SRTHBAOG A R R B IR RE 7T, BT R (I 5 3 R -

e 5 T RJE, HedbaE BAUEGEf| 52 EE. ER T DA Ishl S G, sem
PEEORZHIRK,  F B EIu A, VR4 7 R ORTE 1SO 26262 G RTERIN, Tk %] 2 2R Tl
PFAE ELR PR BRE E , 1 9% 7 W BT B BRI AL B8 . T RAET5 1, B AR 5 Keil
IAR SETFRNEREE R, S a RAMT B-F e “id -t il - 2527 ashfeinds, I APLE AR,
TR R L, AR E B G0 A 5 A 1 1K

AR, EHRREAPEE R NI B vl SE v, 75 S 8 4 AR 23 6hm
#E, PRTERS NAEE . SRR PR RSO ) AN - B R, TG KRR AR AR BN B X
e, TR RFIBITRE

ST S, KRR AT A ST BaRENERE ), EERMEREAL. T
HEETIAERAE A R . RRBETUH BANSERIT AR P I R A, AR, TRBS 5%
&P, SRR RPAF RS IR LS 5 I KA ERAEH
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Abstract

Faced with the industrial trend of deep integration between artificial intelligence and embedded sys-
tems, as well as the requirements of Emerging Engineering Education for cultivating interdisciplinary
and composite talents, traditional curriculum systems suffer from a “knowledge gap.” This study sys-
tematically elaborates on the reform and practice of the “Intelligent Embedded Technology” course.
The course constructs a full-stack knowledge system covering five levels: “system cognition, hardware
platform, software stack, algorithm deployment, and application integration,” aiming to bridge the
knowledge pathway from heterogeneous hardware to intelligent applications. In terms of teaching
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implementation, it innovatively adopts a “theory-practice-competition” three-dimensional driven
model: solidifying the foundation through modular intensive lectures and case analysis; driving in-
depth engineering practice with semester-long comprehensive projects covering the “perception-de-
cision-control” closed loop; and refining students’ innovation and complex problem-solving abilities
by connecting with high-level academic competitions.
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Embedded Systems, Artificial Intelligence, Intelligent Embedded Systems, Emerging Engineering
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1. 5|8

BEE N TR RE. WKL N SRR RS A, N R GEIEZR [ A% Ge i 218 RE R
RGP FRANEAR R B BIR ARG OERE R S B SRR, ALkK TN ik
FARIIAE AR RTTEEVE AR AL IR PR BRI T ARSEIR 22 ST HE R . RSN S SN £
B RIS XX NA B FRIE N T W R —— R B R IR A SR G 5 B AT A AR R,
NCE A N TR i 5B 6

NRLRIE—BARRE 5PETFR, BRI R B I 7 = AR KR AT 3 7 CRRERA
BTR) Wi, WREBAERGHEZEN B RMAXRG AR WEIEBINA” 17 BRRA
#, BRA AR JPR S EEERIRA A AN B RN N 105 AL SRS IS R S5 Y
ERETTRERE ). JELER ] S UUH KBRS A 13, AR R AR T SE SIS T A RN, SE R
MARGEER BAYIGR, PR P R A B B 25 08 i TR T

2. fARIMIR

(1) TRBE B 5N A AA S AKs)
IR RN DR TREBA SCE M E AT, RO THES AR A
QIBRE IR, DAIBISGE — R R iy 57 AR 0t TAREOR AN A SR H i B 2R 1] R — 2 5
» HAEHE, RRSE B EOREVIMRKN TSR, miREEREIRA R, RN E SO
FRAEEFS . MAXRRGEAEBHEAR SR E BN HE, HIRBRE S 5T,
FEBAT BT TR BEIRIENARE e K EF RN A IEEDIA f. R MARRGH AR
BE SRR TR LRI, DURAENE EX AT EORN A TR R E BA AL, OO il 21 500 2 3 T
BHEOR A EEIMA2]. PIL, PRRIFIHE A AL RN X RGN, AR I B R4S
R, WA LGN TN B TR B R R
(2) BIARGPLRE G K AR
BT, FATIELLAE AN TR RE . PIBR AL s A BORIE R EREN 98 B . iR GEH A
SAMEIERAERZIEAR : EOMIIBER . BIZIRAES] o0, I8 REHERRHE. AL e
HERE, B BRSNS SRR R (3], MEZIERL. TS AR RERE, BREHA
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B A5

AARGIELL “IRA - PR - 2007 A, IRERAETAT Al X E R Z 2 N T8
REBAR SN KRG INREER S, 0 BRE AL SR VBT &, AR AL BB Z AL 5 R G5 AL
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Abstract

To address the issues of insufficient test coverage and low testing efficiency in avionics software
testing, this paper conducts research on virtual-physical integrated automated testing technology
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for avionics software by leveraging digitization-driven automated testing methods, starting from
software functional characteristics and testing requirements. An automated testing system based
on a semi-physical simulation testing environment is proposed, ensuring the authenticity of target
software execution while achieving full-process automation. The system is validated through prac-
tical engineering applications in avionics software testing, with results demonstrating that it signif-
icantly improves testing efficiency and quality, thereby ensuring reliable and on-time delivery of avi-
onics software.
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Figure 1. Automated testing system architecture design diagram
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Figure 2. Avionics software automated testing system functional architecture
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Figure 4. Working principle diagram of the test platform
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Abstract

Regarding the key issue of MIDI information conversion in the automatic electronic xylophone playing
system, this paper proposes two core algorithms: the intelligent pitch offset optimization algorithm
and the intelligent conversion strategy selection algorithm. The intelligent pitch offset optimization
algorithm constructs a six-dimensional weighted scoring system to automatically calculate the opti-
mal pitch offset amount, adapting the pitch range contained in any MIDI information to the effective
pitch range of the xylophone; the intelligent conversion strategy selection algorithm, based on three
features - the number of tracks, the total number of notes, and the proportion of the main track - au-
tomatically selects the full piece conversion, the main melody track conversion, or the partial extrac-
tion conversion strategy to adapt to different music types and system resource limitations. The MIDI
conversion program was developed in the Python environment, achieving a complete conversion pro-
cess from MIDI information to C language header files. Experimental results show that the two algo-
rithms can effectively solve the problems of pitch range mismatch and strategy selection, and the pitch
distribution after conversion is highly consistent with the original melody contour, verifying the ef-
fectiveness of the algorithms. This research provides technical support for the intelligent transfor-
mation of traditional percussion instruments.

Keywords

Electronic Xylophone, MIDI Conversion, Intelligent Pitch Offset Optimization Algorithm, Intelligent
Conversion Strategy Selection Algorithm, Automatic Performance
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VRN — PPy SR Db E, VSR SRS BN THR S, JRA HaNLIR AL 7 BRI

FERTARE HEEE R, o0 R — 2 WAk MIDI 5 B HO B AT HAT 14 . MIDI {5
EACT T BRI R BRI AR (E], 52 U NLRE BRI RS, (HICTE B M 48 (MCU)
Wl T MCU MMM C 1 F#ATHifE, LT 22K MIDI {5 B Fe iy C 185 5 i .

HHT, MIDI 5 SR 70 3 24 p T RO [ PR R ER I (2], 1 170 A R S 2 ) R4
BERE o DA T35 2 R [ 5 T R e T IR VA I ) B AT RS, TR MR D R SR (I 2 N
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B IPRIEHRAER, SEBL T MIDI {5 23] C i 5 S e B i . A g 21K “MIDI {5
B EaEbRtE MIDI SCF R & S50 3 AR Hh -

AR E AT AR B B QAR AR B B AR Y B8 = F A MIDI R4 R e i) S s 50
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Figure 1. Overall conceptual diagram for MIDI information conversion

1. MIDI {5 2% B xRS E

1, HINE) MIDI {5 B A&l S m o, it &Sm0 Em o HBR; R5 B8 GE 5 & W
AR B UE AL B ARZ A RO AR Re L K I B AR I 5 R RRAE R 5 i DI 3 0 SRS 5
H5¢ S 10 I A A 4 A A 8 AT HAT 1 C 3 5 Sk ST 3]

2.1. BT SRBMCEENRFER

Hae T mmE I EIL R — 2 BB L5 E, Bfs Bk BRI EmwmE s 4, ff
MIDI {5 & H 15 ekt K PR B2 5@ L FE P AR B: 5 3 (MIDI 4 5 43~67) [4].

ZEIE O BAR R KGR GV R, BRI EmmEE & iTEALWF:

d" =arg max S(d) )

ad4s.45]
X, d' BIRE W ECEEED),
d: ik E EimAs ECEERD, HRIAN[-48, 48] AL,
S(d): HmfEE d MLEE VR KA
LEE TV BRAL SR NN YEERIIMBOT /R &, BEANYERE AN A B VPA w2 i 25, tHEA
XA:
S(d):(w, ‘R(d)+w,-E(d)+w,-C(d)+w,-G(d)+ws-M(d)+w, ~P(d))><B(d) )
WA, wis SYEFERCE L,

R(d): ZHAELH], BUE w R 0.25,
E(d): SEEoAils, BUEE wa N 0.20,
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C(d): H0E T, BUE w8 0.15,
G(d): BHFIHZ, BE waH 0.15,
M(d): WSTETTRF, AUE ws 4 0.10,
P(d): PLEIENEE, BUE weH 0.15,
B(d): J\JFEREAL 25 FHL
Horr, B(d) it & = imts & d 1)\ FEREAL 25l A0, 24 HAN Y d 4 12 B85 (R4 )\ RS A7 )i
T U, tHEARWT:
B(d):{l.os ifdmod12=0 ®
1 otherwise

=

K@), 7NN o B I 23 3 H AR B0[0, 1 IXTE],  PREAS R R P 1] B IABUR AT, DL I
W LSRR R(@) B, I ARTER, HIR— it AT

D freq(p)-l(p+deV)
R(d) == @)

D freq(p)

peP

X, 1C): R, SKMFRALHEN 1, BN 0,

P: J54s MIDL {5 B T A AR & s S,

p: HAH PHREANFEEMIDI 4i5),

freq(p): JR UG = p 7E MIDI {5 5 A4 HELI IR BRI AR,

d: iEE m iR ECEEE), MRTAA[-48, 48] HHL,

Ve REEABEHIX ], JEFEA43, 67], B 24 A OREE S IR0 i KI5 ).

PNANGEE SR B T VRS I S R R = d BEREE, B eR BN E s 3 — R0, 171X [R], E bk

I RN ZYEE RPN . AN R AR L, W 1 PR,

Table 1. Function significance of six dimensions
F 1. ANMEEREEX

NO. INANE L PR EE/0=9
o1 HBAHIEH R R et i ey
0 HRAIRES B BRI | 2m 15 A 51800
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2.2. BREFRRIBEREZNEFERE

B R RN R R B PP T RN ) =R R, BARRIEIE i MIDI A5 B = AN HEE
TECRIEE PG BERED), BB RN, S =F e g it B LR G155y, EIERNE
I SN, DR i & 5 B 5 2 TR R B R A (5]

MIDI (& 8 HA 2 J AR, SN2 REEFREHEZE {TEHR): EMEEDBN
JUT 2T A TR AR RGAAAENAERR S, 185 ZER A& R EUN T 1,000 4. B, 724 MIDI
&SRR B Sk B R 4 g . 58 X MIDL S B M [ = AN SRR T T

(1) BREESE T: O85H 8% (velocity > 0 1 note_on ¥ 5 FHAFHIHE S =,

(2) BEFTEN: PrA A 850E A RS R S

(3) EHLL R A RGE R 2 R PE |5 s RO A

X IR =AMNRHE,  FOE TS = A SR g A PN MIDL 5 8, W1 2 PR

Table 2. Three conversion strategies

2. = TREEIRIRAR

NO. SR 7Y LSSk SRR
01 ek N {RB MIDI {5 2 A R IE 1A s 75 LE7NGEER=AN
02 EREHL L S, TR B & AP RO e 2 1) e LR IER

e LA CE ERN LR PIE), HEIBRKE

LAY ), MR 2 5T
VRHRERT K A RO B RESL

03 HHUGHS 2> B4 S

2, WHGRFHENE S, FASIUFHRANREENFL K, HEA T

min| 500, [EJ N >1000
K= 2 (5)
min(300,N) 500 < N <1000

X, N BEFE

SR FHRUUR 2344 22, % MIDIE B = AN NFFIEVE 9 = ANERE, BALTTAS =P SR 4 1 MIDI
EENNERCREE, AP RISy, SRR B SRR . PR R

() ARPIELE T: MANRPUT= DI, S35 MAZHT>2)8, Sahi3 4. Ssn2 43

Q) BERFBN: A N<500 1, Sifn27%r: 24 500<N<1000Ff, Siv Sy 1~243: 24 N> 1000
B, Sa 2 8. Sshn3 43

(3) FEHLR: M R>060F, S35 H03<R<0.6HF, Sy2 0. S3M2 % M R<0.3 K,
S; 3 4y

ZENE N RRE RN E 5t MIDL S BT A PUE, $EECEANRHEE; SR JG AR PE 4 R0 =5k
W& R THIN oY BRE A 0 f i I SRS AR o o A 5 SRR AR o AH TR, 4% “So—S5— S AR S Bk FE(f
SeORUENE R ) . A AT Sy (U7 e ), TARE S8 774, #2a(5)3ha vh Bl R IR B & 45 4L
K. BFERGE RN, anlE 2 B,
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Figure 2. Decision tree for intelligent conversion strategy selection algorithm
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Figure 3. Main function flowchart
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3.1.MIDI GRS = RN

MIDI {7 5 & e i B R AL 158 — 5 2.1 TR iR BE & i im A DA S5 o R B AE A N 1) 5 1
Giih i, Bl R S S R, K A0 MIDI A5 B Hh i) 5 S I B R B 05 (MIDI 4 5 43~67).
SR BAR SR IR T -

FiN: HEguit T pitch_stats (529 MIDI 2 5, {E091%35 i R ILIRED), REA RS V=143, 67];

i RIUESWEE C CEES, BUETEE-48-48).

(1) ¥t S o0, d'0;

(2) for d =—48 to 48 do:

a) #J4A1L in range<0, mapped«o0;

b) for each (p,freq) € pitch_stats do:

pep+d;
if p' € V then in_range<in_range + freq;
else mapped <—mapped + freq;

c) THEEIA LY R

d) tHEE RS E;

e) T LH ML C;

) HHEEERHE G

g) THEBL AT R T M

hy THEALE G P

i) THHELZEEE S<0.25R + 0.20E + 0.15C+ 0.15G + 0.10M + 0.15P;

j) if d mod 12 =0 then S<S x 1.05;

k) if S> S" then S"<S, d'~d;

(3) &4

3.2. MIDI {5 B ¥ SRR E R

MIDI 15 2 WG U £ R B S 1 56 % 2.2 TR i R e 4 SRR e £ 50k . 12k B4l MIDI 15 2
PPIE S RIRHE, H PR R g, DO N AN [R] ) 3 AR 2RI R G R USR] o SRy Bk S b
L LU

fiN: MIDI {5 B ##1%;

K. SREEACRY strategy € {1, 2,3}, BNPREH &/ K (U4 strategy = 3 B 20) .

(1) EWMIDLE S, @A IE, Gt AREGER T. S &N LEPSELL R;

(2) VB =FhikmE15 % score; = score; = score; = 03

(3) WA RBEZIN -

if 7= 1 then score;+ = 3;
else score;+ =3, scorest=2;
(4) HRYEEFREN )
if N <500 then score;+ =2;
else if 500 < N <1000 then score;+=1, score;+=2;

else score,+ =2, scorest+=3;

(5) WRIEEH LI
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if R > 0.6 then score,+ = 3;

else if 0.3 <R < 0.6 then score;+ =2, scorest =2;

else scorest+ = 3;
(6) LHEAF I e ) SR . strategy = argmax (scorey, scorey, scores); £1-1-77, 1% Sa—S;—S1 ek +%;
(7) if strategy = 3 then:

if N> 1000 then K = min (500, [N/2]);

else if 500 < N <1000 then K = min (300, N);
(8) R[] strategy, K.
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Figure 4. Dimensional scoring curves of two MIDI files
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Figure 5. Comprehensive scoring curve of two MIDI files
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JRE &

5 &M, WA MIDI SO S7E s B 9—12 F 5 I iUS i m 45 a oo, UEWI SR A R0k s i
BEAREA ML

4.2. Bt RRIIEEE AT
PL (Little Star) fi1 (Happy Birthday) Jyfi|, 7€ Python ¥£85 T, Sk 22 BUH A MIDI LR =
REFHIE, W15 3 Fis.

Table 3. Three key characteristics of two MIDI files
= 3. B MIDI LRI =S KR BAFE

NO. Rt 44 FR AR ERE T MEFHN FHEER
01 {Little Star) 1 42 1.00
02 {Happy Birthday) 1 356 1.00

W B MPE MU TS =R SRS 2R G 1573, 4 RWE 4 A% 5 Fios

Table 4. Scoring calculation table for intelligent conversion strategies of “Little Star”

5% 4. (Little Star) & EAFIRRAGITNHER

‘ \ S
NoO. VPS4 HEELX 1 s s s AR
1 2 3

01 AR T=1 () B+ 0 \\\\\\\\\\\
02 JERR e N=42 (/) 2 41 40 \
03 FHAE R=1.00 (%H) +1 3+l

it 6 5 1 Mg 1 (S)

Table 5. Calculation table for the score of the intelligent conversion strategy of “Happy Birthday”

%< 5. (Happy Birthday) £ #eEHRRGITSITE R

SRSy
NO. a5 AL X 8] LR
Si Sz S3

o1 R T=1(¥5) B0
02 HE I N=356 () 2 4w

03 FEHA R=1.00 (%) +1 +3 41

it 6 5 1 Mg 1 (S)
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Abstract

This paper proposes Al-Assisted Engineering, a structured Al-supported implementation method-
ology for industrial AloT systems built on a hybrid microcontroller-edge-cloud architecture. The
method supports the coordinated development of embedded software, RTOS customization, sensor
information models, communication protocols, lightweight edge learning algorithms, cloud proto-
cols, and data mining, and is intended to address the limitations of prompt-first “vibe coding.” Using
the Project Velocity prototype system (STM32, RK3588, and ThingsBoard) as a reference implemen-
tation, the paper presents an end-to-end software development process that starts from bare hard-
ware and is completed with Al assistance. In the proposed architecture, signal acquisition, prepro-
cessing, and fail-safe behaviors are assigned to microcontroller-based sensor nodes; protocol trans-
lation, context fusion, local inference, data buffering, lightweight machine learning, and human-ma-
chine interaction are handled by the edge gateway; while data analytics, model registration, con-
trolled over-the-air (OTA) updates, and system management are deployed in the cloud. To mitigate
common issues in Al-prompt-driven embedded development—particularly missing hardware map-
pings, unclear timing constraints, cross-layer inconsistencies, and unsafe outputs—the paper intro-
duces a three-file prompting strategy for Zephyr RTOS, requiring Al-generated deliverables to in-
clude a hardware overlay file (.overlay/.dts), a project configuration file (prj.conf), and an applica-
tion source file (main.c). This strategy establishes a closed loop between hardware definition, sys-
tem configuration, and application logic. The paper further presents a standardized workflow cov-
ering requirements, implementation, verification, documentation, and deployment, reinforced by
human review, regression testing, hardware-in-the-loop validation, security scanning, and controlled
rolling release. Finally, a predictive maintenance use case and a multi-dimensional evaluation frame-
work are discussed to support practical deployment and future large-scale validation.

Keywords

Industrial AloT, Al-Assisted Engineering, Edge Computing, Zephyr RTOS, Responsible Al,
Traceability
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Table 1. Comparison between “Vibe Coding” and Al-assisted engineering for embedded systems
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Figure 1. Composition of the “Project Velocity” prototype system

A 1.

“INEIRE"” (Project Velocity)/R B R4t 4A

DOI: 10.12677/etis.2025.26037

378

AR E B GRS


https://doi.org/10.12677/etis.2025.26037

Rk

T H MDARRE HH A« A& BhASCIH AR N R G 1) AL % B L FE(AL-Assisted Engineering) /7 ¥2: 52 il bt £
U RGN . (EZRGT, (G5 RE. DRI KR 22T A E TRl it T
SR AMHERE . HERZZ . BERS ) EIE RN HIIReEE T A% M BiE o, RRE R, %
B R ROTA) Sz 4B IIReHE T . S0 BRI H o AL AR BN 285 WL B e SRR . g
BOCHAILED . 255 TR B SOB 25

3. A T|REE T
3.1. BitBREaEEN

Tl AloT AGERCTH L LHRIRAE T, KA RBAETIRE. VERE S LR EAAERAIEZE R . R MCU
BN Y B A IRES . AT S S0 B2, B B R i E TR L (R Th e S b 22 4 RN
ALK E LA e, ARHHERR LI AU, BSOS AR ZRAFRE ). T
HAL SR DGR Wz F 6 M A ST B R % BUREAR. 524% OTA JH4L5 i itHig ], smil 4Rl #L.
MG —BUE S KINAE . I, ARG SE BT I Rl 70 D S S —— B« TR i [m]
W IRAEA SIS AN SE R, WRLEThRETT 48 A0 Skl = s bip ] 7 5 AN 4 DS R Do ASORY) 3 A IS SiE 2
. AEENE T R SRS UEATE .

3.2. JBRE MCU - 8% - =258

“TH R R E M EF) MCU (STM32) - J14(RK3588) - 7 (ThingsBoard)7R & 4244, Wil 2 Bt

Thingsboard
Cloud Platform

RK3588 Edge
Gateway

OPC UA
Zlgrg APPS,  cerver

preprocessing, CANopen E Local LLM'§
lightweight Al Modbus e, Small LLM

CANopen  [Galcl m '

Modb ¢ r P "
STM32 W 8 - J E B @)
Sensor Node Rl ——

Ethemnet | CDEEBEEEEEEEEEREEN __D

<

/

Figure 2. MCU (STM32) - edge (RK3588) - cloud (ThingsBoard) hybrid architecture
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Figure 4. RK3588 edge gateway architecture diagram
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Table 3. Evaluation dimensions and representative metrics of Project Velocity
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